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ABSTRACT
We report on 6 RXTE observations taken during the 2010 outburst of the 11 Hz accreting pulsar
IGR J17480–2446 located in the globular cluster Terzan 5. During these observations we find power
spectra which resemble those seen in Z-type high-luminosity neutron star low-mass X-ray binaries,
with a quasi-periodic oscillation (QPO) in the 35–50 Hz range simultaneous with a kHz QPO and broad
band noise. Using well known frequency-frequency correlations, we identify the 35–50 Hz QPOs as the
horizontal branch oscillations (HBO), which were previously suggested to be due to Lense-Thirring
precession. As IGR J17480–2446 spins more than an order of magnitude more slowly than any of the
other neutron stars where these QPOs were found, this QPO can not be explained by frame dragging.
By extension, this casts doubt on the Lense–Thirring precession model for other low-frequency QPOs
in neutron-star and perhaps even black-hole systems.
Subject headings: X-rays: binaries — binaries: close — stars: individual ( IGR J17480–2446, Terzan
5)
1. INTRODUCTION
One of the strongest motivations for studying low-
mass X-ray binaries (LMXBs) has been the aim to use
these systems as probes of fundamental physics. A pos-
sible tool for this is provided by the quasi-periodic os-
cillations (QPOs) in the X-ray light curves of LMXBs.
These QPOs have now been observed in many LMXBs
containing either neutron stars (NSs) or black holes
(BHs), and are usually detected with characteristic fre-
quencies between ∼1 mHz and ∼1 kHz. The QPO fre-
quency, coherence and amplitude usually correlate with
the source spectral states and/or X-ray luminosity, ob-
servables probably set by the geometry and dynamics of
the accretion flow (see, e.g., van der Klis 2006, for a re-
view), supporting the idea that QPOs can be used as
probes of the flow of matter in strong-field gravity and
hence of fundamental physics.
Persistent NS systems have been generally divided into
low-luminosity (“4U”) and high-luminosity (“GX”) atoll
sources, and the always high-luminosity Z-sources, based
not only on luminosity, but also on the tracks they
trace out in color-color (CCD) and hardness-intensity di-
agrams (HID) and on their correlated rapid X-ray vari-
ability (Hasinger & van der Klis 1989). There is no sim-
ilar subdivision for BH systems.
A number of QPOs and broad-band variability com-
ponents are often present simultaneously in the power
spectra of the X-ray light curves of these systems.
These power spectra can be fully described with a phe-
nomenological model comprising several Lorentzian com-
ponents, where each component is generally labeled
by its characteristic frequency (e.g. Belloni et al. 2002).
Recently, more physically-motivated models based on
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Lorentzian mass accretion rate fluctuation spectra in the
disk have begun to be explored (see Ingram et al. 2009;
Ingram & Done 2010, 2011, 2012). When the multi-
Lorentzian model is used, each component is called Li,
and its characteristic frequency is νi, where i is an iden-
tifying symbol (e.g. Altamirano et al. 2008).
Power spectral features in atoll sources include broad
components known as the break component (Lb), the
hump Lh, the Lℓow and narrower components, or QPOs,
such as the low-frequency QPO (LLF ) and the upper
and lower kHz QPOs (Lu and Lℓ, respectively). For Z-
sources, low-frequency QPOs have been labeled differ-
ently: the horizontal-branch, normal-branch and flaring-
branch oscillations (HBOs, NBOs and FBOs, respec-
tively) depending on which spectral state (or “branch”
in the HID) of the source they are most prominent. In
Figure 1 we show examples; for a more detailed descrip-
tion, we refer the reader to the review by van der Klis
(2006). In addition to the break component (and some
other broad-band components like Lℓow), BHs generally
show three main types of low-frequency QPOs (Types
A, B and C, e.g., Casella et al. 2005) and, in a few
cases, high-frequency QPOs (with frequencies between
70 Hz and 450 Hz, e.g., Remillard & McClintock 2006;
Belloni et al. 2012).
Similarities in the morphology of their power spectra
suggest that same variability components are present
in both NS and BHs (e.g., Miyamoto et al. 1993;
van der Klis 1994; Olive et al. 1998; Belloni et al. 2002;
Linares et al. 2007). Correlations between the frequen-
cies of some of these power-spectral components, and
similarities in their characteristics confirm this sugges-
tion, providing intriguing links between NSs and BHs.
In particular, it has often been suggested that the HBOs
in Z-sources are similar to the LF QPO and hump com-
ponent in atoll sources (e.g. van Straaten et al. 2003) and
in BHs (e.g. Casella et al. 2005).
Studies have been done on the relation between the
frequencies of various variability components in com-
pact objects. The two best known frequency-frequency
2correlations which involve both NSs and BHs are those
known as WK (Wijnands & van der Klis 1999) and PBK
(Psaltis et al. 1999a) relations. The WK relation links
the frequencies of the well identified Lb noise component
in atoll sources and BHs, to the Lh/LLF LF-QPO in
atoll and BH sources4. Wijnands & van der Klis (1999)
showed that the frequencies are well correlated over 3
orders of magnitude. In addition, these authors found
that the HBOs in Z-sources also show the same rela-
tion with Lb, albeit slightly above the atoll/BH track.
The PBK relation links the second highest frequency ob-
served in NS (Lℓ in the high-luminosity soft state and
Lℓow in the low-luminosity hard state) and BHs (Lℓow
in the low-hard state) on one hand, and low-frequency
QPOs on the other (e.g., Belloni et al. 2002). This rela-
tion spans nearly three decades in frequency (and even
a larger range if one considers QPOs in white dwarfs
systems, see, e.g., Warner & Woudt 2002). However, as
Psaltis et al. (1999a) note, although the correlation is
very suggestive, the relation between components is not
conclusive as it combines features with different coher-
ence and amplitudes from different sources.
The WK and PBK relations suggest that physically
similar (or identical) phenomena set the frequencies ob-
served in BHs and low- and high-luminosity NSs. If true,
then the mechanism that sets their frequency must arise
in the accretion disk, i.e., it cannot depend on a solid
surface (e.g., Wagoner et al. 2001; Rezzolla et al. 2003).
1.1. Relativistic orbital motion and the identification of
Lense-Thirring precession
Orbits tilted relative to the equatorial plane of a central
spinning object show relativistic nodal precession due to
frame dragging. In the Lense-Thirring (LT) approxima-
tion (weak field and low spin, see Lense & Thirring 1918)
the precession frequency is given by νLT = GJ/pic
2r3
where J is the angular momentum of the central object
and r the orbital radius.
In this approximation the LT precession frequency
around a spinning NS can be written as
νLT = 13.2Hz I45
(
M
M⊙
)−1 ( νφ
1000Hz
)2 ( νspin
300Hz
)
(1)
where νφ is the orbital frequency, I45 the moment of
inertia of the NS in units of 1045 g cm2, M its mass, and
νspin its spin frequency (Stella & Vietri 1998).
Stella & Vietri (1998) proposed that the low-frequency
QPOs (HBOs and given WK and PBK, also the LLF
and/or Lh) in NS systems represent LT precession of
the orbit whose general-relativistic orbital frequency νφ
is given by the upper kHz QPO frequency νu. Further-
more, Stella et al. (1999) proposed that via the corre-
lations identified by PBK this interpretation can be ex-
tended to LF QPOs seen in BH systems. For the NS case,
the predicted and observed frequencies do not match di-
rectly: as Stella & Vietri (1998) note, for reasonable val-
ues of I45/(M/M⊙) and νspin, the predicted precession
frequencies were a factor of ∼2 lower than the observed
ones (or even a larger factor, e.g. Jonker et al. 1998;
4 As noted by Belloni et al. (2002), Klein-Wolt & van der Klis
(2008) and van Straaten et al. (2003), LLF and Lh are often close
in frequency, separated by no more than a few Hz.
Morsink & Stella 1999; Psaltis et al. 1999b; Jonker et al.
2000). This discrepancy was then interpreted by assum-
ing that the modulation can be produced at twice the
LT precession frequency (see discussion in Stella & Vietri
1998), which is not unreasonable given the bilateral sym-
metry inherent in the geometry of a tilted precessing or-
bit.
Based on the works of Liu & Melia (2002) and
Fragile et al. (2007), Ingram & Done (2010) recently
were able to naturally explain the factor of ∼2 discrep-
ancy by relaxing the test-particle assumption, and con-
sidering LT precession of a geometrically thick inner ac-
cretion flow, where a thin truncated outer disk remains
stationary but the inner flow precesses as a solid body.
One of the ingredients in all the above works is that
the spin frequency of the NS is in the range 200–600
Hz. Most of the νspin measurements in NS-LMXBs are
in that range (Patruno & Watts 2012). The recent dis-
covery of a new X-ray transient in the globular cluster
Terzan 5 containing an 11 Hz pulsar allows us to examine
the frame dragging model in a new regime.
1.2. Testing LT precession models with
IGR J17480–2446
IGR J17480–2446 was discovered in the globular clus-
ter Terzan 5 on October 10th, 2010, with INTE-
GRAL. Initial RXTE observations revealed an 11 Hz
pulsar (Strohmayer & Markwardt 2010) in a 21.3 hr
orbital period binary (Papitto et al. 2011). This spin
is slow compared to the 185–650 Hz known spin of
the low-magnetic (∼108 Gauss) field NS-LMXBs, yet
(much) faster than that of the (5 × 10−5 − 2) Hz pul-
sars, which exhibit various characteristics indicating a
strong (& 1011−12 Gauss) magnetic field strength (e.g.,
Patruno & Watts 2012, for a review). The magnetic field
of IGR J17480–2446 may be intermediate in strength
(∼1010 Gauss, e.g., Cavecchi et al. 2011, Papitto et al.
2011 and Patruno et al. 2012).
Near the outburst peak, at about half the Eddington
luminosity (e.g. Chakraborty et al. 2011; Linares et al.
2011), IGR J17480–2446 showed X-ray spectral and vari-
ability behavior typical of Z sources (Altamirano et al.
2010), with simultaneous broad-band noise, a QPO at
∼48 Hz, and a kHz QPO at ∼815 Hz. These power-
spectral components resemble those seen in other NS
systems, where the ∼48 Hz QPOs are the ones identi-
fied with LT precession.
2. OBSERVATIONS AND DATA ANALYSIS
We use data from the RXTE Proportional Counter Ar-
ray (PCA; for instrument information see Jahoda et al.
2006). There were 48 pointed observations, each con-
sisting of a fraction of one to several entire satellite
orbits. For the timing analysis we used the Event
mode E 125us 64M 0 1s. Leahy-normalized power den-
sity spectra (Leahy et al. 1983) were constructed using
data segments of 128 seconds and 1/8192 s time bins. All
frequency bins between 11.02 and 11.07 Hz were removed
to get rid of the pulsar spike. No background or deadtime
corrections were performed prior to the calculation of the
power spectra. We averaged the power spectra per orbit
and per observation, subtracted a modeled Poisson noise
spectrum (Zhang et al. 1995) and converted the result-
ing power spectra to squared fractional rms (van der Klis
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Fig. 1.— Top: Representative power spectrum of IGR J17480–
2446 (ObsID:95437-01-09-00) during which we detect a low-
frequency and a single kHz QPO. Middle and Bottom panels show
power spectra for the Z-source GX17+2 (ObsID:20053-03-02-010)
and the atoll source 4U1728–34 (ObsID:20083-01-04-00), respec-
tively. All were made using 2–60 keV RXTE data. Power-spectral
components are labeled in each panel.
1995).
For a detailed analysis of the power and energy spec-
tral evolution along the outburst, we refer the reader to
Altamirano et al. (2012) and Barret (2012). In the cur-
rent work, we concentrate on the 6 observations where
the low-frequency QPOs and the kHz QPOs were de-
tected.
3. RESULTS
We found LF QPOs with frequencies between ∼35 Hz
and ∼50 Hz in 6 observations (9 independent satellite
orbits). This QPO was not always present during the
whole observation. kHz QPOs with frequencies between
∼800 Hz and 920 Hz (Altamirano et al. 2012; Barret
2012) were detected in 5 observations, simultaneously
with the low-frequency QPOs (Altamirano et al. 2012).
In the top panel of Figure 1 we show a representative
power spectrum of IGR J17480–2446 where we detect a
broad feature (zero-centered Lorentzian) with a charac-
teristic frequency of 14.8± 0.8 Hz, a QPO at 45.0± 0.7
Hz and a kHz QPO at 851 ± 4 Hz. The fractional am-
plitude of the 45 Hz QPO increases with energy, from
undetected in the 2–5 keV (with a 3σ upper limit of
2.9% rms) to 7.3 ± 1.3% rms at ∼20 keV. The statis-
tics are not sufficient to study the QPO phase-lags. The
overall power spectral shape resembles that observed in
some Z sources, and to a lesser extent, those observed
in atoll sources (middle and bottom panels in Figure 1,
respectively; see also Altamirano et al. 2012). The fre-
quency range, the quality factor and rms amplitude of
the 35-50 Hz QPOs, together with the overall power-
spectral shape and the position where the QPOs occur
in the HID (Altamirano et al. 2012), are all consistent
with these QPOs being the HBO in Z sources. The kHz
QPO can be identified as either the upper or the lower
kHz QPO (Altamirano et al. 2012; Barret 2012).
We further tested our identifications using the WK re-
lation, as the break component Lb and the low-frequency
QPO are easy to identify. In Figure 2 we plot the data
from Wijnands & van der Klis (1999). Our points for
IGR J17480–2446 are on the main relation, hugging the
upper envelope of the atoll sources (black squares), but
still below the Z-sources (red triangles). (Slight differ-
ences in how νb is measured will affect the values by
< 15% (Belloni et al. 2002) and hence are immaterial to
our conclusions.)
As discussed by Me´ndez & Belloni (2007), the avail-
able results on NS kHz QPOs are inconclusive on whether
∆ν = νu − νℓ is related to the spin frequency of the NS
as ∆ν = νspin, or as ∆ν = νspin/2, or it is independent
of νspin and close on average to ∼300 Hz. In Figure 3 we
compare IGR J17480–2446’s QPO frequencies with those
of the HBO and upper kHz QPO in other Z sources (see
Altamirano et al. 2012). The data are suggestive of the
correct identification of the different components assum-
ing that either the kHz QPO we detect is the upper, or
it is the lower and ∆ν ≪300 Hz. The PBK relation (not
shown) uses the frequency of the lower kHz QPO. In this
case, the data of IGR J17480–2446 are also on the main
correlation if we assume that we are detecting the upper
kHz QPO, and that ∆ν is around 300 Hz.
4. DISCUSSION
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In this paper we report on 6 observations of the
11 Hz accreting pulsar IGR J17480–2446 in which we
find power spectra which resemble those seen in Z-
type high-luminosity NS-LMXBs. The low-frequency
QPOs are in the 35-50 Hz range, while the kHz QPOs
are in the 800–920 Hz range. Based on the power-
spectral characteristics, where the QPOs occur in the
HID (Altamirano et al. 2012), and comparison with
frequency-frequency correlations, we identify the low-
frequency QPO as the HBO. Our results suggest that
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Fig. 4.— General-relativistic orbital frequency νφ, periastron
precession frequency νperi and nodal precession frequency νnodal
as a function of orbital radius r for an 11 Hz pulsar calculated
from the expressions in Merloni et al. (1999). Horizontal shaded
bands at 35-50 Hz and 800-900 Hz indicate the observed HBO and
kHz QPO frequencies. Black shaded area at bottom marks νnodal
for prograde orbits and R = 6Rg ; upper and lower bounds are
practically independent of mass and correspond to β = I/(MR2)
equal 2/3 and 1/6. For M = 1.4M⊙ these bounds correspond to
I45/(M/M⊙) ∼2 and ∼0.5, respectively. The curve with arrows
is an upper limit to νnodal for extreme assumptions maximizing
this frequency: retrograde orbital motion, β = 2/3, and NS radius
equal to the orbital radius (R = r). Even with extreme assump-
tions theoretical nodal precession frequencies remain far below the
observed HBO frequencies. At this low spin νφ and νperi (both for
prograde orbits) are practically independent of R and β but they
do depend on mass; curves are for 1.4M⊙. These curves can match
the observed frequencies, but not at the same orbital radius.
the kHz QPO is the upper one, although the results are
not conclusive. For a more detailed discussion about the
identification of the kHz QPO, we refer the reader to
Altamirano et al. (2012). In this letter, we discuss our re-
sults mainly in the context of Lense-Thirring precession.
Comparison of our results with other proposed models
for low-frequency QPOs will be reported elsewhere.
4.1. Lense-Thirring precession
The LT precession frequency for a test particle as in-
troduced in Section 1.1 depends on the NS spin, its mo-
ment of inertia and mass, and on the orbital frequency.
For IGR J17480–2446 νspin = 11 Hz. Depending on
whether the NS equation of state (EoS) is soft or stiff,
respectively, I45/(M/M⊙) could be between 0.5 and 2
(Stella & Vietri 1998). Assuming I45/(M/M⊙) < 2, we
obtain νLT . 0.97 Hz×(νφ/1000 Hz)
2. If we associate the
800–920Hz kHz QPO frequency with νφ, then νLT < 0.82
Hz, i.e. much lower than the 35-50 Hz QPO we observe.
We can take a step further and estimate the relativistic
nodal precession frequency independently of the nature
of the kHz QPOs. The LT precession frequency (Sec-
tion 1.1) can be written as νLT = 2GνspinI/c
2r3. Writing
the NS moment of inertia as I = β MR2 where β is a
dimensionless constant, we have νLT = 2βRgR
2νspin/r
3,
where the gravitational radius Rg ≡ GM/c
2. The high-
est possible precession frequency occurs at the NS surface
(r = R), giving νLT < 2βνspin(Rg/R). The maximum
5value for I is reached when a hollow sphere is assumed
(β = 2/3). This is, of course, not a realistic assumption
for a NS, we employ it merely as a hard upper limit for β.
The true nature of the space-time external to such a shell
is therefore irrelevant to our estimate. Assuming the NS
radius to coincide with its own innermost stable circular
orbit, which for such low spin is rISCO = 6Rg to a very
good approximation, we find νLT < 2.44Hz. Higher order
terms in a Kerr metric (e.g., Merloni et al. 1999), devia-
tions of the metric from Kerr related to the NS structure
(e.g., Morsink & Stella 1999), and arbitrarily inclined or-
bits (Sibgatullin 2002, e.g.,) could affect this upper limit
by a factor of a few at most, and some of these effects
actually lower it.
Considering that the entire inner disk precesses as
a solid body between an inner and outer radius (e.g.,
Ingram & Done 2010) does not solve the discrepancy ei-
ther, as in their description the entire disk cannot precess
faster than a test particle at the inner radius. Our con-
clusion is that the 35–50 Hz QPO in IGR J17480–2446
can not be explained by frame dragging.
Figure 4 shows νφ, νperi and νnodal as a function of ra-
dius r for a point mass in the Kerr metric in an infinites-
imally tilted and eccentric orbit (Merloni et al. 1999). In
particular it shows a range of solutions for νnodal, with
the upper limit resulting from assuming retrograde orbits
andR = r. We note that theoretically the periastron pre-
cession frequency νperi could in this system be identified
with the QPOs at 35–50 Hz, but at a much larger radius
(r ∼20Rg) than that where νφ is produced (r ∼9Rg).
However, this would be entirely ad-hoc and would not
work for the fast-spin NSs, where νperi has instead been
proposed to be identified with the lower kHz QPO.
Corrections due to classic precession are always of
the order of, or lower than, νnodal (under the assump-
tion that deviations from a spherical NS are only due
to the NS rotation, see Morsink & Stella 1999; see also
Laarakkers & Poisson 1999). Shirakawa & Lai (2002)
found that the NS magnetic field can induce warps in
the inner accretion disk, resulting in a precessing inner
flow. The resulting net precession frequency is set by
a combination of (prograde) LT precession and (retro-
grade) classical and magnetic precession. The magnetic
precession frequency νmag is independent of νspin and
scales as µ2, where µ is the magnetic moment. The likely
higher µ in IGR J17480-2446 as compared with other NSs
(Cavecchi et al. 2011; Papitto et al. 2011) suggests the
possibility that magnetic precession could dominate in
this system, opening a different possibility of explaining
the LF-QPOs in IGR J17480–2446. Why in this sce-
nario IGR J17480–2446 still conforms to the WK rela-
tion remains to be investigated, as νmag depends on µ,
the accretion rate, the viscosity of the disk, and the an-
gle between the magnetic dipole and the spin axis. If
magnetic precession does dominate in IGR J17480–2446,
then magnetic effects would be expected to affect ob-
served nodal precession frequencies in other, presumably
lower magnetic-moment LMXBs as well.
In summary: the 35–50 Hz QPOs reported herein are
incompatible with Lense-Thirring (or more generally GR
nodal) precession, excluding frame dragging as the cause
of the QPO in IGR J17480-2446. Given the similari-
ties between the QPOs in IGR J17480-2446 and other
Z-source systems, we conclude that frame dragging is in
doubt as the mechanism that produces the horizontal-
branch oscillations and, possibly, the hump component
and LF-QPOs seen in Atoll sources and BH systems.
While a scenario is conceivable where nodal precession
causes all these QPOs, with magnetic precession dom-
inating in IGR J17480–2446 and GR precession in the
other systems, this requires a coincidence where systems
with different magnetic fields all conform to a frequency-
frequency relation (Figure 2) that previously was ex-
plained assuming no magnetic precession.
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